The procedures of fabricating s functional composite coating with properties of anticorrosion, hydrophobicity, and oleophobicity on AZ91D magnesium alloy substrates are implemented. A SiO x anticorrosion layer is firstly fabricated by an atmospheric pressure plasma jet (APPJ) system with tetraethoxysilane as the precursor, and subsequently 1H,1H,2H,2H-perfluorooctyltriethoxysilane (FAS-13) is coated on SiO x /AZ91D samples by a spin coater to alter the surface hydrophobicity. The APPJ-deposited SiO x film has a hydrophilic surface with a surface energy of 68.4 mN m , proving an improved anticorrosion performance by electrochemical impedance spectroscopy measurements. Tests of adhesion and oil contact angle also reveal the reliability of this coating. These results show the feasibility of the FAS-13/SiO x composite coating for improving the corrosion resistance and the surface properties with hydrophobicity and oleophobicity is practically achieved.
Introduction
Due to several unique properties such as high dimensional stability, low density, high specific strength, weld ability, high thermal conductivity, good cast, and excellent electrical, magnesium alloys have become ideal candidates for structural materials for aerospace components, computer parts, and in the automotive industry during the recent decades. However, poor corrosion resistance hinders its applications especially in the environments containing aggressive ions such as chloride ions, sulfate ions, etc. [1] [2] [3] [4] [5] [6] [7] Therefore, an improvement for the corrosion resistance of magnesium alloys is essential to increasing its range of applications.
To overcome the shortcomings of magnesium alloys, many studies have demonstrated surface coating techniques that impart high corrosion resistance without losing the superior physical and mechanical properties. [8] [9] [10] [11] [12] [13] [14] Generally, a protective deposited-layer of ceramic or oxide coating on the metal surface is an effective method to solve this problem, which shows a low electronic conductance and has been reported as the barrier coatings. [14] [15] [16] Previously, several coating methods were proposed to improve the corrosion resistance of magnesium alloys, including direct electroless nickel plating, 17) conversion, 18) sol-gel process, 19) electrochemical plating, 20) thermal spray, 21) physical vapor deposition, 22) atmospheric pressure plasma enhanced chemical vapor deposition, 23) and atmospheric pressure plasma jet (APPJ). [24] [25] [26] [27] Among these coating methods, protective film deposition and surface modification can be easily achieved by plasma technology. Moreover, atmospheric pressure plasma depositing technique shows a convenience for operating without vacuum systems and a safer process at low temperatures as compared to other plasma systems, and can be applied on large or geometricshape workpieces. Besides, to improve the coating efficiency and large-area scanning, a new rotated-type jet head in an APPJ system is applied in this study, as illustrated in Fig. 1 .
Since SiO x films are frequently used as insulating layers to protect metal surfaces, hexamethyldisiloxane, hexamethyldisilazane, and tetraethoxysilane (TEOS) can be carried out as precursors in the deposition process using APPJ systems. [24] [25] [26] [27] [28] However, as-deposited SiO x films by an APPJ have a hydrophilic surface due to the existence of the functional hydroxide bonding (-OH) on its surface. To further enhance the anticorrosion property and improve its hydrophobicity, the common method is to spread a fluoropolymer or a fluoroalkylsilane on the surface. 29) With the presence of OH groups on the SiO x coating, silane groups of FAS can connect with surface hydroxyl groups and form a thin layer of polysiloxane. 30, 31) Therefore, to further improve the hydrophobicity and anticorrosion properties of the AZ91D substrate, commercial 1H,1H,2H,2H-perfluorooctyltriethoxysilane (FAS-13 agent) is applied on SiO x coatings.
This study reports the feasibility of fabricating a functional composite coating on magnesium alloys substrate for surface engineering by an atmospheric pressure plasma system with a rotated-type jet head and spin coater. The material properties of the prepared coatings are determined by a field emission scanning electron microscope (FE-SEM), Fourier transform infrared spectroscopy (FTIR), adhesion cross-cut test (ACCT), and potentiodynamic polarization curve test. In addition, the evaluation of the water contact angle and surface free energy (SFE) of the prepared samples are investigated by the OwensWendt-Rabel-Kaelbe (OWRK) method. Furthermore, the possible anticorrosion mechanism of FAS-13/SiO x /AZ91D is also outlined in this study.
Experiment
2.1. Sample preparation AZ91D magnesium alloys (composition: 9.22 wt% Al, 0.51 wt% Zn and balanced Mg) were applied as the substrates with a size of 20 mm × 20 mm × 4 mm. Prior to deposition process, the substrates were mechanically polished up to 4000 grit by SiC paper and ultrasonically cleaned in ethanol for 15 min. After being rinsed with deionized (DI) water (15 min) and dried by a stream of hot air, each cleaned substrate was placed on a motorized linear XY-axis table with a sample-to-jet distance of 10 mm.
SiO x deposition process
To improve the efficiency of the depositing SiO x film, an atmospheric pressure plasma coating system (Click-CSV2, Click Sun Shine Corp. Taiwan) with a rotated-type jet head and compressed dry air (CDA) is applied with a DC power supply, an atomized precursor generator, and a movable-stage, depicted in Fig. 1 . TEOS was used as chemical precursor and generated atomized droplets by using a 2.45 MHz piezoelectric oscillator. During the deposition process, the precursor was transferred to the plasma region by O 2 carrier gas with a flow rate of 200 sccm. Meanwhile, sample was scanned with a rate of 10 mm s −1 with a treating area of 100 mm 2 by APPJ with a DC power of 500 W for 10 cycles (scan mode), while CDA as working gas was maintained at a flow rate of 30 slm.
FAS-13 solution coating process
To obtain a smooth, thin, and uniform FAS-13 (1H,1H,2H,2H-perfluorooctyltriethoxysilane) film on the prepared substrate, a spin coater was employed (Mikasa MS-A100, Japan) in this study. FAS-13 solution approx. 1 ml is dropped on the surface of the prepared sample after the SiO x deposition process, and the sample is set on a disk of a spin coater applying for 10 s in air with a rate of 1500 rev. min . Then, the FAS-13 solvent was dried out in an oven at 60°C for one hour, and the prepared sample (FAS-13/SiO x /AZ91D) was cooled down under room temperature.
Materials characterization
Surface morphologies of SiO x films were observed using field emission scanning electron microscopy (JSM-6500F, JOEL) at an accelerating voltage of 10 keV. For a wettability test, water contact angles for bare and coated AZ91D were measured by the contact angle equipment (The Model 100SB, Sindatek Instruments Co., Ltd.), and test liquids including DI water and diiodomethane were dropped on the surfaces of the samples with a micro syringe (2 μl) to measure the values of the contact angles and SFE. Average water contact angle and the standard deviation were obtained from five measurements at different positions of the same sample. In addition to the regular test liquids, oil droplets were also applied including glycerin, grape seed oil (Olitalia; Meucci, Forlì, Italy) and extra virgin olive oil (Weiyi; Taiwan). Therefore, the properties of hydrophobicity and oleophobicity can be assessed in this study. In addition, coating the fluoroalkyl-based FAS-13 silane agent provided a hydrophobic surface that was characterized by FTIR (HORIBA FT-730).
To measure the adhesion of the coated AZ91D, ACCT was demonstrated according to the ASTM test method D-3359, and the adhesion test kit was purchased from JUNZHUN Technology Co., Ltd. The classification of an adhesion rating from 0B to 5B corresponding to the levels from worst to best. To evaluate the corrosion behavior of the prepared sample, a potentiodynamic polarization curve was performed by a computer-controlled potentiostat. (VSP-300, Bio-Logic Science Instrument Co.). The prepared sample as a working electrode was set in a homemade Teflon mold with an area of 1 cm 2 exposed to the test solution (3.5 wt% NaCl, pH = 6.5, at room temperature). A saturated calomel electrode (SCE) and spiral platinum wire were used as the reference and auxiliary electrodes, respectively. In addition, the potentiodynamic polarization curve was obtained at a scan rate of 1 mV s −1 from an initial potential of −1.0 V SCE −1 to a final potential of −2.0 V SCE −1 relative to the open circuit potential.
Results and discussion
Generally, qualities of film including its morphology, thickness, and porosity directly affect the ability to resist corrosive reaction. In this study, all the samples were placed on the x-y moving stage with ten scanning cycles for the deposition process. Figures 2(a)-2(c) show the surface morphologies and cross-sectional SEM images of the APPJ-deposited SiO x layer on the AZ91D substrate. Though the surface morphology is slightly rough, it reveals no defects, cracks, or apparent pores on the surface. From the cross-sectional image shown in Fig. 2(c) , each APPJ-deposited SiO x layer for 10 scanning cycles is apparently observed and the thickness of the whole coating is approximately 1509.8 nm averaged from five measured values. Interestingly, the deposition rate of the SiO x layer by the APPJ process can be calculated for process cycles around 133.4 nm/cycle, which referred to the control for a certain thickness of the layers can be tuned for mass customization. After coating the FAS-13 layer on the APPJdeposited SiO x /AZ91D by a spin coater, SEM images in Figs. 2(d) and 2(e) revealed that the grain boundaries of particles were not clearly seen. It can be referred that FAS-13 layer was uniformly coated with a smooth surface morphology on the prepared samples. From the cross-sectional image of Fig. 2(f) , the FAS-13/SiO x composite layer shows a total thickness of approximately 1526.5 nm, indicating that FAS-13 layer is around 20 nm. The wettability of the bare AZ91D, SiO x /AZ91D, and FAS-13/SiO x /AZ91D samples was investigated by contact angles using DI water and diiodomethane as test liquids, as shown in Fig. 3(a) . The SFE including the dispersive and polar parts can also be calculated from the contact angle results by the geometric mean approach of the OWRK method. 32) Since magnesium alloy is a type of hydrophilic material with a native oxide layer, the value shows a lower value of 37.9°. After depositing the SiO x layer on AZ91D by the APPJ process, a good wettability reveals the possibility of further bonding with other chemicals, contributing from the higher SFE of 68. [ Fig. 3(b) ]. FAS-13 is a bifunctional silane agent with a fluoroalkyl chain and hydrolyzable ethoxysilyl groups, which can be used as the surface modifier on hydroxyfunctional substrates. In previous studies, SiO x film with hydroxyfunctional groups on its surface can act as the glue layer for further coating polymeric materials. 33, 34) As can be seen, a slightly hydrophobic surface of FAS-13/SiO x /AZ91D was obtained with the values of contact angles 112.5°(DI water) and 91.2°(diiodomethane). The lower SFE (12.5 mN m −1 ) majorly contributed to the dispersive component that was obtained, which can be believed to be more less attractive to the corrosive species. Figure 4 (a) shows the FTIR spectra of the prepared FAS-13/SiO x /AZ91D sample, and the bands centered at Since coatings comprising perfluorinated compounds possess low surface energy, the oil test is also raised to measure its oleophobic property, as shown in Fig. 4(b) . Glycerin, grape seed oil, and extra virgin olive oil used as test liquids showed the contact angles of 113.0°± 9.4, 91.7°±, and 90.2°±, indicating an oleophobic property of the composite layer is obtained. These results further confirm the SiO x deposited sample had been uniformly covered by the FAS-13 film, which revealed functional properties of hydrophobicity and oleophobicity. To determine the adhesion of the FAS-13/SiO x bilayer on magnesium alloy, the sample was tested by the cross-cut tape test method according to the ASTM test method D-3359. In Fig. 5 , the tested sample and removal cross-cut tape were revealed in the picture on the left-top and right-top side, respectively. After the detachment, small flakes of the multicoat layer at the intersections of the cuts not significantly greater than 5% were observed, in which the adhesion level of the FAS-13/SiO x multi-coat layer can be rated around 4B.
The corrosion property of the bare AZ91D and FAS-13/SiO x /AZ91D can be performed by potentiodynamic polarization curves, shown in Fig. 6 . The values of the corrosion potential and corrosion current density were calculated and listed in Table I ) samples, which decreased by more than two and four orders of magnitude, respectively. Though the corrosion potential (E corr ) of the SiO x /AZ91D sample (−1.457 V) has more negative potential than bare AZ91D (−1.417 V) and FAS-13/SiO x /AZ91D (−1.409 V), the corrosion rate reveals that FAS-13/SiO x /AZ91D (4.66 × 10 −5 mm Yr ). These results indicate that the APPJdeposited SiO x layer on the AZ91D substrate with and without FAS-13 coating have a higher anticorrosion performance than the bare AZ91D, and the sample with FAS-13 coating reveals functional properties of hydrophobicity, oleophobicity, and high anticorrosion as shown in Figs. 3(a), 4(b) , and 6, respectively. Additionally, a lower corrosion current density attributed to a higher corrosion resistance of metals was found in a previous report, referring to the corrosion resistance these samples can be ranked as FAS-13/SiO x /AZ91D > SiO x /AZ91D > bare AZ91D. 35) Thus, a functional layer (adhesion rate level 4B) with hydrophobicity, oleophobicity, and anticorrosion properties can be achieved by combining the FAS-13 coating and APPJdeposited SiO x films on the AZ91D substrate.
A schematic illustration of the corrosion mechanism for bare AZ91D and FAS-13/SiO x /AZ91D by immersion in a NaCl corrosive solution is shown in Fig. 7 . Since the AZ91D substrate reveals a high SFE majorly contributed to the polar component in Fig. 3(b) , its surface becomes hydrophilic due to the existence of functional hydroxide bondings (-OH). Therefore, the solution with a corrosive media of Cl − ions was attracted to attack the surface and promoted the progress of corrosion. Figure 7(a) shows the bare AZ91D substrate being corroded by the corrosive media, and the formation of corrosion products (β-phase (Mg 17 Al 12 ), Al(OH) 3 , and Mg(OH) 2 ) in the solution. Additionally, galvanic corrosion also occurs while the anode α-phase (Mg matrix) has a corrosion potential lower than the β-phase. Although Mg 17 Al 12 was found to be inert in a NaCl solution compared to the α-phase, it would peel off easily after its basement of Mg matrix being corroded. Therefore, a pitting phenomenon occurs on the surface of AZ91D with α-phase and β-phase being dissolved and peeling off in the NaCl solution. To avoid the substrate being corroded, a protective coating on the metal surface is an effective method to solve this problem. FAS-13 is a surface modifier for generating bifunctional coating on the substrates with the hydrophobicity and the oleophobicity, which reveals a low SFE majorly contributed to the dispersive component in Fig. 3(b) . From the results of contact angles and anticorrosion performance, the FAS-13 layer shows improvement in hydrophobicity, oleophobicity, and anticorrosion properties in comparison to the AZ91D. Figure 7 (b) shows many valley-like structures forming from FAS-13 chemicals on the deposited SiO x layer on the AZ91D substrate. These valley-like structures can trap air within gaps and reduce the interfacial contact area between the asdeposited film and NaCl solution, 36) in which it becomes more difficult for the corrosive media to progress corrosion. In addition, the SiO x layer as an insulator reveals a lower corrosion current than AZ91D from the electrochemical results, which can provide resistance from corrosion as a barrier layer even the FAS-13 layer can possibly be broken down by corrosive medias. Therefore, the FAS coating with a hydrophobic property stops the attacks from corrosive medias, and the SiO x layer acts as glue and barrier layer providing a second layer for metal substrate protection.
Conclusion
To overcome the poor corrosion resistance of magnesium alloys, an effective method is to fabricate a protective coating on its surface. In this study, an APPJ-deposited SiO x film was firstly applied to improve the corrosion resistance and alter its surface properties for further bonding, and subsequently coated the FAS-13 layer for the functional properties with hydrophobicity and oleophobicity. With the enhancement of the polar component by APPJ-deposited SiO x , more functional groups were beneficially generated for grafting the FAS-13 coating. Therefore, the composite coating revealed no defects, cracks, or apparent pores on the surface, and was rated as 4B in the adhesion across-cut test. From the results of the contact angle and electrochemical measurement, the FAS-13 functional coating revealed the properties of hydrophobicity and oleophobicity, and showed a lower corrosion current density. The anticorrosion mechanism of the FAS-13/SiO x /AZ91D sample in a NaCl solution was proposed referring the valley-like structures can trap air within gaps and reduce the interfacial contact area between the film and NaCl solution. Thus, this new technique involves coating the FAS-13 on a APPJ-deposited SiO x intermediate layer that bonds to metals and also supplies -OH groups for silane bonding for improving corrosion resistance, hydrophobicity and oleophobicity is feasibly achieved.
